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ABSTRACT

The most frequently used method for predicting sound pressure levels arising in a room as a result of
transmitted sound or floor impact sound from adjacent rooms is an acoustic energy calculation assuming a
diffuse sound field. If the dimensions of the room under investigation are sufficiently large, pressure levels
can be predicted accurately by this method. However, especially at low frequencies, the wavelength of the
sound may exceed the room dimensions, leading to reduced predictive accuracy. Although the Waterhouse
correction is typically used to correct for this error, its reliance on statistical energy considerations means that
it cannot take into account the response to the frequency range lower than the first-order mode and to
frequencies between adjacent lower-order modes. In this work, a new correction method is derived from the
relationship between the sound pressure level calculated using wave theory and the sound pressure level
using diffuse-field theory in the frequency range from lower than the first-order mode to a low-order mode.
By comparing calculated results obtained using the new method with both actual measurements and FEM
calculations, its accuracy is examined.
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1. INTRODUCTION

It is important to be able to predict sound pressure levels arising in a room as a result of transmitted
sound or floor impact sound from adjacent rooms. This is typically done using an acoustic energy
calculation in which a diffuse sound field is assumed. This method gives accurate results if the
dimensions of the room under investigation are sufficiently large. However, in smaller rooms the
wavelength of the sound may exceed the room dimensions, especially at low frequencies. This results
in predictions of lower accuracy.

Two specific problems must be faced when applying the energy calculation to low frequencies.
The first is the frequency characteristic of the amount of energy flowing into the sound field of the
room. It occurs because certain phenomena cannot be taken into consideration in the energy
calculation: resonance and antiresonance in the low-order mode of the sound field in the room, and
periodic compression and rarefaction of air in the room at a frequency lower than the first-order
mode frequency. The second problem is the deviation between the space-averaged squared sound
pressure level of the entire room and that of the center area where measurement points are actually
provided. It occurs because of the sound pressure distribution in the room. The energy calculation
does not consider the distribution, because it assumes a diffuse sound field.

The Waterhouse correction [1] is typically used to correct for these problems [2]. This is a
correction applied to the space-averaged squared sound pressure in a room as calculated by energy
theory; it assumes that the energy density near the room boundary is higher than that near the center
of the room. As a method of correcting the sound pressure at any arbitrary point away from the
boundary of the room, it is unable to fundamentally solve the first of the above problems while its
correction for the second problem may include a large error depending on the relationship between
the size of the room and the wavelength.

The purpose of this research is to derive a correction that approximates the wave phenomenon
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separately for both of the above-mentioned problems. The authors propose a method that can
approximate the sound pressure level of a small room using diffuse sound field theory without the
need to invoke wave theory calculations. The accuracy of the method is examined by comparing its
calculation results with results of the wave theory calculations and laboratory experiments.

2. OUTLINE OF CORRECTION METHOD

A correction equation is defined as follows for approximating the space-averaged squared sound
pressure level of the entire room of the actual wave field (Lp yqve) from the space-averaged squared
sound pressure level obtained using the energy calculation based on diffuse sound field theory (L ene)-

Lp.wave = Lp.wave = Lp.ene+ALsf (1)
Here, Zp_wm,e is the approximated Ly, ,gwe and ALgs is a correction factor for the frequency
characteristic of the amount of energy flowing into the sound field of the room that accounts for
resonance and anti-resonance, in the low-order mode and periodic compression and rarefaction of air
in the room at a frequency lower than the first-order mode frequency.
In addition, taking into consideration that measurements are actually performed near the center of
a room, another correction equation is defined for approximating the space-averaged squared sound
pressure level of the sound field within a central volume defined by a fixed distance from the boundary
of the room (L greq) from the space-averaged squared sound pressure level of the entire room of the
actual sound field (Lp wave) as follows.

Lp,area = z:p,area = Zp.wave - Ame (2)
Here, Zp,area is the approximated Ly greq, and ALy, is the correction value for the sound
pressure distribution in the room.
Therefore, the full equation for correcting the energy calculation result obtained using diffuse
sound field theory is as follows.

Lp,area ~ Z:p,area = Lp.ene +ALsf - Ame (3)
The corrected value will then reflect actually measured sound pressure levels. In the sections that
follow, the derivation of correction values ALgs and AL, will be examined.

3. CORRECTION FOR LOW-ORDER MODE OF SOUND FIELD

3.1 Examination by One-Dimensional Sound Field

In order to explain in an easy-to-understand manner the characteristics of the discrepancies that
occur between actual wave phenomenon and the diffuse sound field theory, we here consider a
one-dimensional sound field and predict the sound pressure resulting from a floor impact as shown in
Fig. 1. A ceiling with a sound absorption coefficient of zero vibrates at velocity v at all frequencies
and emits sound. The sound is reflected at the floor which has sound absorption a at all frequencies.
The sound pressure p(x) at any point x can be calculated by the following equations:
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Here, p is the density of air, c¢ is the speed of sound, H is the ceiling height, Z is the floor
impedance, and fis the frequency. Ly ,qpe of the one-dimensional sound field is the space-averaged
sound pressure level of the entire sound field calculated using Eq. (4). On the other hand, L, ¢n. of
the one-dimensional sound field using the energy calculation not considering phase is given by

Eq. (5).

Lpene = 10logyo(pcv? /@), a = a/2 (%)
Figure 2 shows the calculated results of Ly 4y and Ly ., when the ceiling height H is 2,650

mm, the average sound absorption coefficient a is 0.09, and the vibration velocity level of the slab
is -120 dB re Im/s. According to Fig. 2, L,en. is calculated to be smaller than L, ,,qpe at the mode



frequency of the sound field, and larger than L ,q at the antiresonance frequency. Also, at
frequencies lower than the first-order mode, the lower the frequency, the smaller the difference
between L, yape and Ly en.. If the frequency is sufficiently high in a three-dimensional sound field,
and in the 1/3 octave band description, such a difference is considered to be almost eliminated,
because the mode density rises rapidly. However, in small rooms, the same tendency is expected to
occur at lower frequencies.
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Figure 3 — Sound level correction curve Figure 4 — Difference between wave and

energy theory with correction

3.2 Correction Value ALy for One-Dimensional Sound Field

Here, a correction value ALgs for the one-dimensional sound field that can approximate Ly wave
from L, ene without a wave theory calculation is derived.

The space-averaged squared sound pressure |p,|? is the physical quantity of L, ., normalized
by the sound pressure ppq, which is the the physical quantity of L,yave at the m®™-order
resonance frequency f;, and is approximated by the following equations:

\2f, —clog,(1 - @)

b
A = = = 6
|pel fltan b ,fm =mc/2H,b 527 | (6)

On the other hand, the space average of the squared sound pressure |p,,|? is the physical quantity
of Ly wave normalized by pyqx and is approximated by the following equations:

[pml? = D [L+41f = ful?/7] ™
m=1
Furthermore, the ratio of the space average of the squared sound pressure |pp|2 below the
first-order mode frequency of Ly, yqpe to |p.|? is given by the following equation:

[Pl /1pel? = 2/ 2nfH)? ®)
Therefore, the correction value ALgs for a one-dimensional sound field is obtained as below.
2
Pl [Pyl
AL = 10lo ©
o (f) = 10logao [|pe|2 P

The calculated values of ALgs, |pml|®/Ipe|*, and |pp|2/|pe|2 under calculation conditions
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identical to those in Fig. 2 are shown in Fig. 3. The calculated ALy is very similar to the difference
between L, yave and Ly,ene in Fig. 2, so it can be considered an appropriate correction value.
The difference between Ly yqpe and Zp.wave as calculated by Egs. (5) to (9) is shown in Fig. 4. Here,

the ceiling height A is 2,400 mm and the average sound absorption coefficient @ is 0.09. It can be seen
that the difference is small in all frequency bands.

3.3 Examination by Three-Dimensional Sound Field

Frequency response analysis is performed using the finite element method (FEM), assuming that
the room affected by the sound is under a vibrating ceiling concrete slab, as shown in Fig. 5. Three
ceiling heights H are considered: 2,400 mm, 2,650 mm, and 2,800 mm. The ceiling slab is modeled
using shell elements, while the sound field in the room is modeled with fluid elements. The boundary
condition at the four edges of the ceiling slab is a simple support and the boundary conditions applied
to wall and floor surfaces are an impedance condition where the absorption coefficient for normal
incidence is 0.09.

A vibrational excitation force of 1 N in the vertical direction is input at the excitation point on the
ceiling slab for each frequency, and the sound pressure at the nodal points of fluid elements and the
vibration velocity of the nodal points of shell elements are calculated. The mean squared sound
pressure level of all nodal points of fluid elements is taken as Ly yave-

Lp.ene 1s calculated using Eq. (10).

4S,rrop?c?

Lp_ene = ZV + 1010g10 (10)

Sa@p§

Here, L, is the surface-averaged squared vibration velocity level of all nodal points of shell
elements in the sound radiation area. S,r; is the radiation area of the ceiling slab, o is the acoustic
radiation efficiency of the ceiling slab (set to 1.0), S, is the surface area of the room affected by the
sound, and p, is the reference sound pressure (py = 2 X 10™> [Pa]). The calculated results of Ly, wave>
Lpene and L, for the 2,650 mm ceiling height are shown in Fig. 6. In addition, the difference
between L, ywape and Lyene is shown in Fig. 7 for all three ceiling heights.

The frequency dependence of the L, yape and Lyen. difference is more complicated than in the
one-dimensional sound field. However, in the frequency range below the vertical first-order mode
frequency, the frequency characteristics are very similar to those in the one-dimensional sound field.
The reason for this seems to be that the vertical vibration mode is more easily excited than the
horizontal vibration mode because the slab occupies only the horizontal plane and the mode density
is low. At higher frequencies, the number of modes rapidly increases, so that it is close to the diffuse
sound field, and the deviation itself becomes smaller.
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Figure 5 — Calculation model for FEM Figure 6 — Calculated results by wave and energy theory
(H=2650mm)

3.4 Correction Value ALy for Three-Dimensional Sound Field

As shown above, the difference between Ly ,qpe and Ly epe in the three-dimensional sound field
is very similar that in the one-dimensional sound field up to around the frequency of the first-order
mode in the vertical direction. Therefore, the correction ALgs for one-dimensional sound field is
modified for the three-dimensional case as follows.

First, the space average of the squared sound pressure |p,,|? is assumed to be as given by Eq. (7)
up to the second-order mode. Then the influence of rapidly increasing higher modes is approximated



by adding a large sound absorption coefficient in the second-order mode. Equation (7) is thus modified
to obtain the following equation:
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Here, @,, is the sound absorption coefficient at the frequency of the m™-order mode in the
vertical direction. Equation (8) is then modified to obtain the following equation to fit the
three-dimensional sound field:

|pp|2 _ S,cta
Ipel?  4Sepr(2mfH)?

The values of ALgr, |pml®/Ipel?, and |pp|2/|pe|2 for Fig. 5 calculated using Eq. (11) and
Eq. (12) are shown in Fig. 8. Here, the height of the ceiling is 2,650 mm and the average sound
absorption coefficient is 0.073 for the first mode and 0.7 for the second mode.

The difference between Ly yqye calculated using FEM and Eplw,we calculated using Egs. (1), (9),
(10), (11) and (12) is shown in Fig. 9. In this three-dimensional calculation, it can be seen that the
wave calculation result is well approximated only with the addition of the correction value ALgs to

(12)

the energy calculation result Ly gpe.
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3.5 Laboratory Experiment on AL
In the laboratory outlined in Fig. 10, an excitation point (V3) on the ceiling concrete slab is excited
with a constant force. The vibration velocity level of the slab and the sound pressure level in the room

are measured at large numbers on grid points (on a pitch of approximately 280 mm).
Lp.wave 1s the space-averaged squared sound pressure level of all measurement points in the room’s

sound field. Lpepne is calculated using Eq. (10). Ly is the surface-averaged squared vibration
velocity level of all measurement points on the ceiling slab. The correction value ALgs is calculated
using Eqgs. (9), (11) and (12), where a; is 0.3 and &, is 0.7.

The difference between measured Ly qpe and approximated Zp_w,we calculated using Egs. (1),
(9), (10), (11) and (12) is shown in Fig. 11, and the difference between Ly, qpe and f,plwm,e is
shown in Fig. 12. An improvement is seen in the 1/3 octave band, especially below 100 Hz.
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4. CORRECTION FOR SOUND PRESSURE DISTRIBUTION

4.1 Examination by One-Dimensional Sound Field

The variation in sound pressure distribution with frequency in the one-dimensional sound field is
shown in Fig. 13. At frequencies lower than the first-order mode (A), the sound pressure in the sound
field is constant everywhere, as in the inner space of an air spring. At the frequency of the first-order
mode (B), the sound pressure increases at the boundary and decreases in the center volume of the
sound field.

Therefore, in frequency range (A), since there is almost no variation over the entire sound field, it
can be considered that there is almost no difference between the average value in the center volume
and the average value of the entire sound field. However, at mode frequencies such as (B), the lower
the mode, the larger the difference between the average value in the center volume and the average
value of the entire sound field.
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4.2 Examination by Three-Dimensional Sound Field

In the FEM calculation model shown in Fig. 5, the mean squared sound pressure level of only the
nodal points in the center volume 500 mm away from the ceiling, wall and floor respectively is taken
as Ly greq- The difference between Ly yqpe and Ly greq is shown in Fig. 14. Here the three ceiling
heights of 2,400 mm, 2,650 mm and 2,800 mm are considered as before. The value of the
Waterhouse correction at H = 2,650 mm is also shown for reference.

The Waterhouse correction takes a larger value as the frequency decreases, but the calculated
difference starts to decrease near the first-order modal frequency in the vertical direction, and below

31.5 Hz becomes almost zero. The frequency range below 31.5 Hz corresponds to frequency range (A)
in Fig. 13.

4.3 Correction Value AL, for Three-Dimensional Sound Field

Based on the discussion that follows, correction values for the sound pressure distribution ALy,
are defined as the following equations:

0 f<hfi/2
ALy, = 10logy0(2f/f1) [/25f<fi (13)
min(3,10log,o(1 + SA/8V + LA2/321V))  f=f;

First, based on the above results, set f;/2 as the frequency at which the influence of the pressure
field is large, and then increase by 1 dB every 1/3 octave from that point up to the frequency of the
first-order mode. Above the first-order mode frequency, the correction basically follows the
Waterhouse rule, but a maximum value is set at 3 dB. In equation (13), S is the surface area of the
room, A is the wavelength, V is the volume of the room, and L is the entire perimeter of the room.

The calculation results of ALy, for H = 2,400 mm in Fig. 5 and the difference between Ly yape
and Ly greq are shown in Fig. 15. It can be seen that the correction value closely approximates the
sound pressure distribution in the room.

4.4 Laboratory Experiment on AL,

In the laboratory results shown in Fig.10, the mean squared sound pressure level at only the
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measurement points in the center volume 500 mm away from the ceiling, wall and floor respectively is
taken as Ly greq. Calculated ALy, values for the laboratory measurements and the difference
between Ly qpe and Ly greq are shown in Fig. 16. In the frequency range below 80 Hz, the
correspondence between ALy, and the measured difference is very good. At 100 Hz or more, the
correction value AL,,, is rather smaller, but the difference is at most about 1.5 dB, so accuracy is
sufficient as a correction value.
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5. CONCLUSIONS

A small-room correction method is proposed for the conventional diffuse sound field energy
calculation, in which it is assumed that frequencies are low. The proposed correction includes two
terms. One is for the influence of low order modes and periodic compression and rarefaction of air in
the room at a frequency lower than the first-order mode frequency, and the other is for the influence
of sound pressure distribution. The correction method well approximates the space-averaged square
sound pressure level in simulated and measured sound fields without the need to invoke wave theory
calculations.

Future work is to examine the correspondence between the correction and measurements in more
sound fields with the aim of making the correction method more accurate.
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